























Influenza Virus Antibodies in Infected Patients

FIG 4 IgG reactivity profiles. PCR* adults and children were binned into categories each based on their
reactivity profile. The y axis of these plots shows the geometric mean AUC of the group, and the different HAs
are plotted on the x axis. (A) Adults who induce a predominant group 1 response. (B) Profile of adults who
induce 1gG against both group 1 and group 2 HAs. (C) Reactivity profile of children who mount a narrow
pandemic H1 HA response. (D) Reactivity of children who mount a narrow pandemic H1 HA response plus a
response to group 2 HAs.
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FIG 5 Back-boosting to an HA carrying the K133 epitope. (A and B) Reactivity of PCR* individuals to different H1 HAs for adults (A) and children (B) (yellow
diamonds indicate preexposure; black circles indicate postexposure; red stars indicate HAs that carry the K133 epitope). Shaded areas represent the geometric
mean AUC of the group, with baseline reactivity (pre) in blue and postexposure (post) reactivity in red. (C) Frequency of the K133 epitope in H1N1 isolates over
time. The black line represents K133, and the gray line represents viruses with other amino acids at position 133 or a deletion of the locus. The black stars
indicate the number of PCR* adults with particular birthdates. PCR* adults were then grouped into a cohort born when viruses with K133 were the dominant
circulating strain (1983 to 1996) and into a cohort which was exposed early in life to a non-K133 virus (before 1983). (D to F) Absolute differences between

preexposure and postexposure, the fold induction, and the absolute pretiters for these two groups.

antibodies in adults increase over time and that infection with a group 1 HA-expressing
virus, like pandemic H1N1, induces broader responses to divergent H1 HAs as well as
other group 1 HAs in an original antigenic sin-like fashion (3). This response might
include higher titers of antibodies to the stalk domain, which have been shown to be
elevated in older individuals when probed cross-sectionally or longitudinally (21, 22).
This increase in cross-reactive anti-stalk antibodies with age has been attributed to
sequential exposure to divergent group 1 HAs (H2, prepandemic seasonal H1, and
pandemic H1) that share a conserved stalk but divergent head domains (1). Of note,
titers are much lower for group 2 stalk antibodies in adults and the elderly, likely
because population-level exposure to group 2 HA-expressing viruses has been limited
to seasonal H3N2 (21, 22). Our data are corroborated by several other studies that
report narrow immune responses in children in response to natural infection or
vaccination (23, 24). In addition, it has been shown on a monoclonal and polyclonal
level that older individuals have broader baseline antibody reactivity (21) and might
mount broader antibody responses after exposure to influenza virus antigens (22,
25-27).
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FIG 6 Preexisting group 1 anti-HA titers by infection status and correlates of protection. (A to C) Mean preexisting anti-HA titers (AUC) by PCR status and age
for the 2 pandemic H1 strains (A), all prepandemic seasonal H1 strains (B), and all non-H1 group 1 strains (C). (D) Odds ratios for infection based on preexposure
titers against pandemic H1 HA, prepandemic seasonal H1 HAs, and non-H1 group 1 HAs for adults and children. Unadjusted and models adjusted for age and
sex are presented. Odds ratios are for a 2-fold increase in titer.

Another phenomenon that was observed was strong reactivity toward Tex91 in
adults after exposure to pandemic HIN1. Tex91 and pandemic H1N1 HAs share a
conserved epitope in the head domain centered around K133 (10). It has been shown
previously that individuals born when a K133-carrying virus was circulating mounted a
K133-focused response to the pandemic HINT HA (10). Individuals that were born
when non-K133-expressing viruses circulated did not show this focused immune
response to the K133 epitope of pandemic HIN1 (10). These differences were not
observed in our study, as K133- and non-K133-imprinted adults had a similar back-
boost to Tex91. However, baseline titers to Tex91 were higher in K133-imprinted
individuals. Differences between this and other studies might be caused by the
different assays and methodologies used. As an alternative explanation, the number of
subjects might have been too small to detect differences between the groups. How-
ever, the magnitude of baseline cross-reactivity to Tex91 and of the boost after
pandemic HIN1 exposure validates the importance of this epitope for immunity to
H1N1 viruses.

As described above, children mounted a very narrow response to the H1 HAs closely
related to the infecting strain and did not induce cross-reactive antibodies to other H1
or group 1 HAs. However, a third of the children also mounted a response toward group
2 HAs, especially older H3 HAs, H4, and H14. Of note, this group of children had been
preexposed to H3N2 and had higher titers to recent H3 HAs than those of the group
that mounted an HA response specific to pandemic H1NT1. It is unclear what caused this
strong cross-reactivity. Initially, we did consider that coinfections with H3N2 could have
occurred. However, circulation of H3N2 in the analyzed season in Nicaragua was
negligible; therefore, this scenario is unlikely to have occurred in a third of the
H1N1-infected children. Another scenario could be that these children came in contact
with avian influenza viruses, e.g., H4 or H14, which could have caused this induction or
which could have caused an imprinting pattern that then triggered this peculiar
response after pandemic HIN1 infection. However, it is unlikely that this occurred in
33% of PCR™ children. Another possibility is that a strong H3N2 priming through
natural infection can leave an imprint that also influences the response to group 1
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viruses such as pandemic H1N1. It is possible that this response is driven by anti-stalk
antibodies since cross-group-reactive antibodies have been reported (28-30). Most
cross-group stalk-reactive antibodies would likely target all group 1 and group 2 HAs
and not specifically pandemic H1 plus group 2 HAs (28-30). However, recently, three
studies reported VH3-53 germ line anti-stalk antibodies after H7N9 vaccination that
showed the same pattern of targeting pandemic H1N1 plus broad group 2 binding
(31-33). Another class of antibodies that could be involved in this phenomenon are
antibodies that bind the head trimer interface and have recently been reported in
humans as well (34).

The observed phenomena including the back-boost in adults against group 1 HAs
and against the K133 epitope as well as the H1-group 2 cross-reactivity in children are
evidence for the complex response of the immune system to (sequential) exposure to
influenza viruses (5, 6, 9). Our findings certainly warrant follow-up studies with larger
numbers of subjects and longitudinal analyses to shed more light on mechanisms
behind back-boosting and imprinting effects. Analysis of the antibody response on a
monoclonal antibody level would also help assess which specific class of antibody is
responsible for the observed cross-reactivity.

Another interesting observation was the difference between IgG and IgA serum
responses. The IgG response was higher in signal strength. While this could be
influenced by the different secondary antibodies used in the analysis, it is likely also a
reflection of the larger amount of IgG than IgA in serum. Surprisingly, the IgG response
in adults was broader than the IgA response, which is in contrast to assumptions made
based on human B-cell analysis (18). Furthermore, the IgA response to infection was
relatively low in children, which is unexpected since antigen presented on mucosal
surfaces is expected to drive stronger IgA responses (which might still be the case for
local mucosal immunity, which was not assessed in our study). However, IgG and IgA
responses still correlated moderately in both children and adults.

Finally, we analyzed if preexisting immunity would be predictive of the risk of
getting infected with pandemic H1N1. In adults, preexisting antibody titers to pan-
demic H1 HAs and non-H1 group 1 HAs were associated with significant protection
from infection; antibodies to prepandemic H1 strains were somewhat higher among
PCR~ adults but not associated with significant protection. In children, only preexisting
antibodies to the pandemic H1 HAs were associated with significant protection from
infection. However, it needs to be kept in mind that children had very low levels of
antibody to seasonal H1 and non-H1 group 1 HAs. This finding indicates that binding
antibodies as measured in the IVPM might serve as correlate of protection. We have
also shown this recently with ELISA data against a specific H1 HA and the stalk of
H1 (2).

The small number of subjects tested and the relatively low number of HAs probed
do not allow us to draw firm conclusions. However, this study serves to generate
hypotheses regarding imprinting and the evolution of antibody responses during
sequential exposure to natural infection with influenza viruses. In conclusion, we show
that children mount a much narrower antibody response to pandemic H1N1 infection
than do adults, who respond broadly to group 1 HAs. Notably, a subpopulation of
children induces pandemic H1 HA plus group 2 HA reactivity, a new phenomenon that
might have significant implications for our understanding of imprinting and future
vaccine design. Furthermore, we show strong back-boosting in adults to an HA that
carries the K133 epitope, and we provide evidence the IVPM binding data might serve
as correlate of protection. While the current study is descriptive in nature and has
limitations in terms of sample size, our findings are highly significant since they inform
the design of future studies to elucidate imprinting effects and the longitudinal
dynamics of antibody responses to influenza virus infection. These insights might open
up new avenues for broadly protective of even universal influenza virus vaccine
strategies.
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MATERIALS AND METHODS

Participants and study procedures. We performed a case-ascertained study to examine suscepti-
bility to influenza virus infections in households in Managua, Nicaragua. Briefly, index cases of influenza
and their household contacts were enrolled into the study and monitored closely for signs and
symptoms of influenza virus infection. A nasal and oropharyngeal swab sample was collected at
enrollment and every 2 to 3 days for up to 5 sequential respiratory samples per participant. A blood
sample was collected at enrollment and 3 to 5 weeks later. All PCR* subjects in this analysis were positive
for HIN1. Influenza vaccination in the overall study population was very low, with just 10 out of 300
household contacts having received the influenza vaccine in that year. One vaccinated child was
included in this analysis, and that child produced a narrow H1 response. There were multiple subclinical
infections that occurred in the overall study; however, only one subclinical infection was included in this
analysis set, a PCR™ adult that had a broad group 1 and group 2 HA response. Participation in the study
was high, with nearly all houses invited to participate agreeing to participate; however, male adult
participation was lower, as many were gone from their households from morning until night, and we
were thus unable to contact them to invite them to participate in the study. Participants were excluded
from this analysis if sufficient blood sample volume was not available. Ethical approval was obtained
from the institutional review boards of the Ministry of Health, Nicaragua (CIRE 06/07/10-025) and the
University of Michigan (HUM 00091392). Written informed consent was obtained from all adult partici-
pants, and proxy written informed consent was obtained for all children. Assent was obtained from
children aged 6 and older.

Recombinant proteins. Recombinant HAs were produced using recombinant baculoviruses express-
ing soluble HAs with trimerization domains and hexahistidine tags. An Sf9 insect cell line (ATCC
CRL-1711) was used to propagate the baculovirus, which was then used to infect BTI-TN-5B1-4 cells, for
efficient secretion of recombinant HA. Recombinant HA was purified from cell supernatant using
Ni-nitrilotriacetic acid resin columns. The procedure is described in detail in published protocols (35, 36).

Influenza virus protein microarrays. The [VPMs were generated and probed similarly to protocols
described before (13). Briefly, arrays of recombinant HA were spotted on Nexterion E epoxysilane-coated
glass slides (Schott, Mainz, Germany). Eight HAs were included in each array and spotted in triplicate, and
24 arrays were spotted on each slide. Each HA spot had a volume of 30 nl and was spotted at a
concentration of 100 ug/ml in phosphate-buffered saline (PBS). After spotting, slides were incubated for
2 h at >95% relative humidity at room temperature and then allowed to dry. Slides were inserted into
96-well microarray gaskets (Arrayit, Sunnyvale, CA, USA) and blocked with 3% milk in PBS containing
0.1% Tween 20 (PBST) for 90 min. After the blocking solution was removed, sera were added at a starting
concentration of 1:100 in 1% milk-PBST at a volume of 100 ul/array, and two 10-fold dilutions were
performed across each slide. Sera were incubated on the slides for 1 h, and then the slides were washed
three times with 220 ul/array PBST before the addition of 50 ul secondary antibody solution, composed
of Cy3-labeled anti-human IgA secondary antibody and Cy5-labeled anti-human IgG secondary antibody
diluted 1:400 and 1:1,500, respectively, in 1% milk-PBST. After 1 h, the secondary antibody solution was
removed, and the arrays were washed three times with 220 ul/array PBST, removed from the 96-well
microarray gaskets, rinsed with deionized water, and dried with an air compressor. Dried microarray
slides were analyzed with a Vidia microarray scanner (InDevR, Boulder, CO, USA) at an exposure time of
1,000 ms. The AUC was calculated from median fluorescence as the total peak area above a fluorescence
of 0.04. AUC values were adjusted based on the reactivity of a standard protein spotted in each array
type, A/Perth/16/2009, using reactivity in array 1 as the standard. The AUCs of each array type were
multiplied by the mean reactivity of A/Perth/16/2009 in array 1 divided by the mean reactivity of
A/Perth/16/2009 in that array type.

IVPMs with monoclonal antibodies (MAbs) were performed as described above but with starting
dilutions of 30 ug/ml MAb serially diluted in 1% milk-PBST 1:5 eight times and incubated with 100
wl/array Cy5-labeled anti-lgG secondary antibody diluted 1:3,000 in 1% milk-PBST.

ELISA. Recombinant HA proteins were coated onto 96-well Immulon 4 HBX plates (Thermo Scientific,
Waltham, MA, USA) in coating solution (KPL) overnight at 4°C. The coating solution was removed, and
each well was blocked with 220 pl/well of 3% nonfat milk in PBST for 2 to 3 h at room temperature. After
removing the blocking solution, human sera were added at a starting concentration of 1:200 in 1%
milk-PBST and serially diluted 1:2 10 times in 1% milk-PBST for final volumes of 100 ul/well and incubated
for 1.5h at room temperature. Sera were then removed, and plates were washed three times with
300 wl/well PBST. Fifty ul/well horseradish peroxidase (HRP)-labeled anti-human IgG secondary antibody,
diluted 1:3,000 in 1% milk-PBST, was added to each well and incubated for 1 h at room temperature.
Secondary antibody was then removed, the plates were washed four times with 300 ul/well PBST, and
100 pl/well SigmaFast OPD (o-phenylenediamine dihydrochloride [Sigma, St. Louis, MO, USA]) was
added. After 10 minutes, 50 ul/well 3 M HCl was added, and the optical density of each well was
measured at 490 nm using a Synergy H1 hybrid multimode microplate reader (BioTek, Winooski, VT,
USA). The area under the curve (AUC) was calculated as the total peak above three standard deviations
above the mean optical density of background wells, which were incubated with 1% milk-PBST instead
of serum.

Multidimensional scaling. Three-dimensional antibody landscapes were generated to visualize the
magnitude and breadth of serum reactivity to different HAs. The horizontal planes in the antibody
landscapes were generated by assigning HAs x-y coordinates generated by multidimensional scaling of
amino acid sequence differences between HAs. The sequence distance between strains was defined as
the number of different amino acids between HAs in the multiple-sequence alignment of HAs included
in the array. The Scaling by MAjorizing a COmplicated Function (SMACOF) algorithm was used to
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minimize the sum of squared errors between the Euclidean distance in the two-dimensional (2D) plane
and the HA sequence distance. For each HA, an antibody landscape surface was generated from
geometric mean AUC values using multilevel B-splines for pre- and postexposure sera (12).

Statistical analysis and viral sequence analysis. Statistical analysis was performed in GraphPad
Prism 7.0 and R. Antigenic altitudes were compared using an unpaired t test, Pearson correlation analyses
and linear regressions were used to compare IVPM and ELISA data and to compare IgA and IgG IVPM
data, respectively, and AUC analyses were performed on IVPM and ELISA data. Logistic regression was
used to measure the correlates of protection from preexisting antibodies. Crude models and models
adjusted for age and sex were run; this was done using the “glm” function in R. Plots in Fig. 6 were
created using ggplot2.
Sequences for K133 epitope analysis were collected from the Global Initiative for Sharing all Influenza
Data (GISAID) from the years 1918 to 2019. They were then sorted by the year of isolation. Within each
year, a subset of randomly selected sequences was compiled so that were 100 sequences or fewer if there
were not 100 isolates for a specific collection year. Sequences for each year were aligned using MUSCLE.
The residue at position 133 was then examined for the presence or absence of K133. The percent
prevalence of K133 was calculated by the number of K133 residues in the yearly data set divided by the
total isolates included for that year.
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